Cholinergic actions are critical for normal cortical cognitive functions. The release of acetylcholine (ACh) in neocortex and the impact of this neuromodulator on cortical computations exhibit remarkable spatiotemporal precision, as required for the regulation of behavioral processes underlying attention and learning. We discuss how the organization of the cholinergic projections to the cortex and their release properties might contribute to this specificity. We also review recent studies suggesting that the modulatory influences of ACh on the properties of cortical neurons can have the necessary temporal dynamic range, emphasizing evidence of powerful interneuron subtype-specific effects. We discuss areas that require further investigation and point to technical advances in molecular and genetic manipulations that promise to make headway in understanding the neural bases of cholinergic modulation of cortical cognitive operations. 
Introduction
Acetylcholine (ACh) release and the associated transformation of cortical networks as a result of its specific cellular actions on nicotinic and muscarinic receptors, play crucial roles in normal cognitive function. Interest on the cortical actions of ACh was first provoked by the effects of cholinergic drugs in humans: pharmacological activation of muscarinic cholinergic receptors produces delirium, while receptor blockade generates severe anterograde amnesia. Moreover, the dementia of Alzheimer's and Parkinson's diseases has been associated with the loss of cortical cholinergic innervation. While findings in humans, and a large body of experimental work in animal models, strongly implicate ACh in arousal, attention, sensory gating and memory processes, the precise systems and cellular level physiological bases of these modulations of cortical operations remain unknown.
Classical notions hold that the cholinergic system achieves this by releasing ACh diffusely across the cortical mantle, activating its receptors globally and producing slow responses. While this scheme might be applicable to behavioral fluctuations that are experienced over several minutes or longer such as arousal, it is hardly compatible with the experimentally observed properties of cholinergic influences on attention, sensory and motor responses or plasticity and learning. For instance:
(a) Local application of cholinergic antagonists and cholinergic denervation of specific cortical regions generates impairments in attention and learning, suggesting that cholinergic influence within functionally distinct cortical areas is crucial for specific behaviors [1 ,2,3]. Conversely, nicotinic receptor knockout animals with cognitive deficits can be rescued when nicotinic receptors are reexpressed in specific cortical regions [4 ] or in specific neuronal populations [5 ] .
(b) Studies of receptive field plasticity and memory emphasize the importance of the temporal interaction between cholinergic and sensory signals [6 ] . Pairing cholinergic activation with a sensory stimulus triggers long-lasting enhancement of sensory-evoked responses if the two events coincide. Increasing time lags between the sensory and cholinergic signals abolishes the enhancement or even produces a depression of the conditioned responses [7, 8] .
(c) Optogenetic stimulation of cholinergic cells in the basal forebrain rapidly activates cortical networks (126 ms latency, [9 ] ); much faster than presumed. The cholinergic actions on cortical neurons underlying this apparent reorganization of cortical dynamics must be even faster.
(d) Choline-sensitive electrochemistry has demonstrated phasic changes of ACh concentration in rats performing an attention task. These changes had a restricted cortical spatial distribution and precise temporal association with cue detection [10 ] .
precision. These properties allow the cholinergic system to participate in cortical processes that require that contextual cholinergic signals act in concert with local computations, such as the processing of relevant sensory inputs, in order to guide behavior. Here, we will review emerging data on the central question of how this specificity and spatiotemporal range of function might be supported by: (A) the functional organization of the cholinergic projections to the cortex, (B) the mode of transmission of ACh at cholinergic terminals, and (C) the cell-type specificity and dynamics of its actions on excitatory and inhibitory cortical neurons; factors outlined in Figure 1 . We emphasize the actions of ACh on inhibitory neurons, as neuromodulation of inhibitory tone is posed to exert widespread network effects by virtue of the dense axonal arborization of GABAergic interneurons, the importance of these cells in shaping principal cell activity, and the observation that inhibitory tone can affect the induction of synaptic plasticity. Moreover, the existence of many distinct types of cortical interneurons, each with specific connectivity and impact on principal cell physiology, and their interneuron-specific cholinergic modulation, contributes to the diversity and spatiotemporal specificity of cholinergic modulation of cortical activity and functions.
Is localized ACh release supported by the functional organization of cholinergic projections?
Cholinergic projections to the neocortex arise from neurons in the nucleus basalis and associated magnocellular nuclei in the basal forebrain [11] . These projections have been classically thought to innervate the cortex diffusely, exerting global cholinergic control [12] [13] [14] [15] . Nevertheless, hints of an organization scheme were found in the rough topographic layout of the rostrocaudal sequence of neurons in the basal forebrain, projecting to progressively medial-to-lateral cortical spaces [16] [17] [18] . Dual retrograde tracing suggested that while, as a whole, the projection system follows this trend, labeled regions of cholinergic cells in the basal forebrain still largely overlap when the dyes are injected in distant cortical areas [16, 19] . Yet, the same experimental approach suggested that individual cholinergic cells innervate a restricted cortical space [16, [18] [19] [20] [21] 22 ]. Together, these findings led to a mosaic model in which cholinergic cells with localized terminal domains, project to different cortical regions than neighboring cells ( Figure 1A ). Even if focally activated, a system with this organization would be posed to have widespread effects across the cortex [19] .
Recent experimental evidence indicates that this scheme is simplistic and incomplete. Importantly, it cannot account for the localized 'phasic' component of ACh release that has been measured in attending animals [10 ]. An exciting proposal comes from re-examining with retrograde tracing the anatomical overlap of cholinergic neurons in relationship to the cortico-cortical interactions between their projection domains. Zaborszky and colleagues found that the degree of overlap of labeled neuron location within the basal forebrain is positively correlated to the connection strength between the different injected cortical regions [22 ] . These finding suggest a shift in understanding from the mosaic to a modular organization of the cholinergic system ( Figure 1A) . In this new model, segregated bands of neighboring cholinergic cells do not project disparately across the cortical mantle, but instead possess defined cortical targets that are, in turn, functionally associated.
However, it is important to consider that these morphological inferences about basal forebrain cholinergic neurons come from double retrograde tracer experiments, which are associated with a number of caveats. To date, completely reconstructed cholinergic neurons with the complete extent of their cortical terminal arborizations have not been reported. The issues discussed here beg for a reappraisal of the anatomy and the specific connectivity of cells of the cholinergic projection system in the context of current genetic and molecular tools ( Figure 1A ).
Aside from anatomical considerations, ACh release might also be finely regulated, locally within terminal cortical areas, by a presynaptic mechanism. Based on electrophysiological and pharmacological evidence, it has been suggested that behavior-dependent glutamate release can lead to the activation of glutamate heteroreceptors on cholinergic axons, triggering ACh release [23, 24] . In the model resulting from these observations, even a diffusely organized projection system might attain anatomical precision by virtue of the specificity of glutamatergic signaling. A similar glutamatergic presynaptic regulation has been suggested for mesolimbic dopamine release, wherein glutamate released from limbic and cortical axons has a facilitating influence on 'tonic' dopamine efflux [25, 26] .
Spatiotemporal specificity from the transmission mode of cholinergic terminals?
Current choline-sensitive electrochemistry can detect 'phasic' and 'tonic' changes in extracellular acetylcholine concentration in the scales of seconds and minutes, respectively [10 ] . While these measurements are more precise than data obtained through traditional microdialysis, synaptic neurotransmission does not lie within the sensitivity range of this methodology. Indeed, whether ACh is released at classic synaptic junctions or from non-junctional sites has been a matter of much debate, and is an issue with profound implications for the spatiotemporal scale of cholinergic influences on cortical neurons. Ultrastructural inspection of presumed cholinergic release sites, or varicosities, have revealed conflicting pictures regarding their junctional specializations, from the nearly complete absence of synapses, to the moderate Factors that control the spatiotemporal specificity of cholinergic actions in the cortex. The spatiotemporal precision of the cholinergic system is a function of a number of factors, three of which are discussed throughout this review. (A) First, the functional organization of cholinergic projections to the cortex. The spatial extent and specificity of individual and collective cholinergic cell innervation of the cortex is a major determinant of the spatial range of ACh release and impact. Anatomical investigation of these issues led to two organizational models (diffuse and mosaic) of the cortical cholinergic projections from the basal forebrain. These models fit with classical notions of diffuse and global cholinergic broadcast, as activation of either model system would lead to widespread cortical ACh modulation. However, recent anatomical reexamination suggests that the functional organization of these projections might follow a different principle. In the proposed modular model, neighboring cholinergic cells project to distinct cortical areas that are, in turn, functionally interconnected. Such an organization could mediate localized ACh release in specific cortical regions, as well as coordinate modulatory influences across computational pathways in the cortex. Modern anatomical and genetic approaches offer opportunities to continue delving into the organization and specificity of the cholinergic projections. For instance, whether there is specificity in the cortical postsynaptic targets of individual cholinergic cells remains elusive, and could be investigated with new tools and approaches that take advantage of advances in molecular genetics. Moreover, although the anatomical terminal innervation of the cholinergic system sets upper and lower spatial boundaries for cholinergic actions, understanding the functional scale of ACh impact requires that we consider the functional inputs to the cholinergic projection system, an issue that is not discussed here. Whether functional inputs activate this structure diffusely, or whether they focally drive circumscribed cholinergic projection cell groups remains to be investigated. (B) A second factor determining the spatiotemporal precision of cholinergic action is the mode of transmission of ACh at cholinergic terminals in the cortex. It has been argued that ACh is released from non-junctional sites, mediating slow and diffuse activation of cholinergic receptors over large cortical spaces (volume transmission). However, recent anatomical and electrophysiological data suggest that the point-to-point precision of classical synaptic transmission can be observed in the cortical cholinergic system, circumscribing fast cholinergic signaling to contacted cortical elements. (C) The third factor determining spatiotemporal precision is the diversity and dynamics of the cell-type specific effects of ACh. The spatiotemporal profile of ACh concentration interacts with the particular sensitivity, kinetics, and localization of diverse cholinergic receptors in postsynaptic targets. Together with cell-type specific expression of these receptors and downstream signaling cascades, these interactions determine the spatiotemporal coordination, interplay and predominance of a diversity of ACh effects in specific cortical cells and networks.
presence of subtle, synapse-like contacts, and to the existence of bona fide symmetric and asymmetric synapses [27] [28] [29] [30] [31] [32] . Given that cholinergic signaling has been classically thought to act slowly and diffusely, reports indicating scarcity of synapses have been considered principal evidence supporting the concept of volume transmission: once ACh is released, it slowly diffuses until it reaches and influences a large extrasynaptic pool of receptors in wide cortical fields ( Figure 1B; [33] ).
However, reports that most cholinergic varicosities don't form synapses must be considered in light of a number of caveats. For instance, cholinergic synapses have been described as 'remarkably subtle and small, usually only identifiable in one or two sections,' and not showing prominent thickening of membrane appositions, suggesting that they may be rejected by some investigators because they fail to meet standard criteria for synapse classification [27] . Hence, determining whether a cholinergic varicosity forms a synapse or not may require complete serial analysis to verify that small junctions are not missed. Also, evidence that cholinergic varicosities are the preferential sites of synapse formation is lacking. In the case of innervation in the neostriatum by dopaminergic axons, it has shown that synapses are not preferentially formed at varicosities [34] .
Are these small, synapse-like contacts functionally relevant? Given their meager appearance, one might argue that these contacts are not true synapses. However, the fact that these contact sites are often associated with accumulated vesicles argues against that [27, 28, 35 ]. Furthermore, a recent study has demonstrated that these profiles are associated with postsynaptic specializations containing neuroligin 2 [35 ] . Neuroligins are known to participate in trans-synaptic signaling complexes with presynaptic neurexins that result in the recruitment of synaptic proteins, and maturation of both pre-and postsynaptic specializations. On this basis, the authors argue that these contact sites should be considered synapses, as well as point out that such densely labeled neuroligin 2 sites in cholinergic terminals are encountered far more frequently than presumed.
It is evident that the predominance and physiological relevance of synaptic ACh release in the cortex needs to be reassessed.
Diverse and specific cellular mechanisms of cholinergic control in neocortex.
Ultimately, the spatiotemporal range of cholinergic signals influences the cortex by activating nicotinic and muscarinic receptors that are expressed ubiquitously by different cortical neurons (Figures 2 and 3) . Starting with the groundbreaking experiments of Krešimir Krnjevic, intense effort has gone into dissecting these cellular actions of ACh, with the goal of understanding the mechanisms of cholinergic modulation of network processing [36] . For the most part investigators have characterized cholinergic responses of cortical neurons in acute slices, resulting in the discovery of a large number of cellular effects of cholinergic action. These are summarized in Figure 3 and Table 1 (see also reviews [37, 38] ), and show that cholinergic signaling can increase or decrease neuronal excitability, as well as increase or decrease synaptic efficacy in a cell type-specific fashion.
Cholinergic effects on pyramidal cells (PCs) have been extensively studied, in different species and cortical areas, and there is general agreement that ACh enhances their excitability. Dampening effects have also been reported for pyramidal and spiny stellate cells, the glutamatergic cells that are the main recipients of sensory signals in layer 4 (Table 1) . Much less understood are the effects of cholinergic modulation on GABAergic interneurons (INs), neurons that have critical roles in shaping network dynamics and functions [39] [40] [41] [42] [43] . This diverse population of local-circuit inhibitory cells selectively innervate specific postsynaptic domains of principal cells, with each cell type implicated in a particular operational role and hence cholinergic effects on these neurons are likely to be of major significance and represent a potential source of specificity. However, not only is our knowledge of cholinergic modulation of these neurons incomplete, but the literature is full of contradictory observations, stemming in part from difficulties in identifying interneuron subtypes (Table 1) . In fact, an influential paper [44] found no correlation between subpopulations of INs defined on the basis of morphology and physiology and their responsiveness to neuromodulators. This lead to the view that either INs cannot be classified in a few discrete groups or specific subtypes do not have specific neuromodulatory responses.
A different picture is now emerging (see also [45] ). Work primarily in rodents has shown that the expression of certain molecular markers can serve as an initial platform to classify interneuron subgroups with defined developmental origins, anatomy, intrinsic electrophysiological properties, and connectivity. These markers include the calcium-binding protein parvalbumin (PV) and the neuropeptide somatostatin (SOM), which label non-overlapping interneuron subpopulations. PV cells comprise both fast spiking (FS) basket and chandelier cells, while the SOM subgroup includes at least two subtypes, (1) the Martinotti cells in layer 5 and in layers 2/3, that target the distal dendrites of PCs, and (2) layer 4 SOM interneurons that target mainly FS cells in the same layer [46] . Additionally, we recently showed that the expression of the ionotropic serotonin receptor (5-HT3aR) defines a third non-overlapping population of INs, and that PV, SST and 5-HT3aR-expressing INs together account for nearly 100% of all GABAergic cells in somatosensory cortex [47 ,48,49] . The 5-HT3aR subgroup can be further divided in two subpopulations based on the Ionotropic (nicotinic) and metabotropic (muscarinic) receptors mediate the effects of ACh. (a and b) Nicotinic AChRs are pentameric proteins consisting of a large variety of subunits. The subunit composition dictates channel function. Those expressed in the brain primarily exist as a7 homopentamers (a) or a4b2 heteropentamers, usually with a 2a, 3b stoichiometry (b) [38] . Shown are renderings of the side and top view of the receptors based on the closed structure of the Torpedo AChR (PDB code: 2bg9). The a4 subunit is colored blue, the b2 subunit yellow, and the a7 subunit red. These two nAChR subtypes display dramatically distinct kinetics and pharmacological properties [38] . Nicotinic responses are generally excitatory. Receptor activation produces transient depolarization due to the permeability of the ligand-gated channel with an equilibrium potential close to 0 mV. However, in addition to providing depolarization, a7 nAChRs can mediate slower cellular responses by virtue of the especially large Ca 2+ permeability of these receptors. (c) Muscarinic receptors are G-protein coupled receptors (GPCRs), with the typical seven transmembrane domain structure of these proteins. Five different subtypes are known (M1-M5), of which four subtypes M1-M4 are the predominant ones in neocortex. Their functions depend on the signaling cascades that are initiated by the binding of ACh, which in turn largely depend on the subtype of heterotrimeric G protein associated with the receptor. M1, M3 and M5 (often referred to as M1-type) couple to Gq/11 G proteins, while M2 and M4 (often referred to as M2-type) are Gi/o-coupled receptors [57] . Upon binding of ACh to the receptor, the GDP associated with the G protein is exchanged for GTP. (d) Association with GTP produces the dissociation of the G protein. In the case of M1-type receptors the aq/11 subunit activates the enzyme phospholipase C b (PLC), which hydrolyses the membrane phospholipid phosphatidylinositol 4,5-bisphosphate (PIP2) resulting in the loss of PIP2 from the membrane and the production of diacyl glycerol (DAG) and inositol triphosphate (IP3). IP3 produces Ca 2+ release from intracellular stores. DAG and Ca 2+ activate protein kinase C (PKC). The loss of PIP2 (a), PKC-mediated phosphorylation of channels and other downstream targets (b) and Ca 2+ -mediated signaling (c) produce downstream effects. In the case of M2-type receptors the ai/o subunit produces inhibition of adenyl cyclase resulting in a decrease of cAMP levels. The bg subunit complex diffuses through the membrane and binds to G-protein activated inward rectifier K + (GIRK) channels activating them, or to N or P/Q type Ca 2+ channels inhibiting them, or to other targets. Muscarinic effects can be excitatory or inhibitory depending on the targets of the signaling pathways activated by the receptor and can vary in different cells. They can also vary in a given cell at different times depending on the state of the cell. For instance to obtain IP3-dependent Ca 2+ release, the Ca 2+ stores must be full. Although much remains to be done, advances in our understanding of interneuron diversity and the use of these molecular markers as genetic entry points, allowing us to record and manipulate specific INs [55] , is starting to reveal unique and specific ways in which ACh modulates distinct subtypes of INs in a given cortical area. Cholinergic modulation of these IN subtypes can trigger both inhibitory and disinhibitory effects with powerful impact Nicotinic and muscarinic responses in neocortical neurons and their synapses. Cholinergic agonists regulate the function of neocortical neurons and their synapses in a cell-specific fashion. M1-type muscarinic modulation produces a sustained increase in the excitability of pyramidal neurons (PC) in supragranular and infragranular layers by inhibiting several types of K + channels (see Figure 2 , Table 1 ). In addition, perisomatic ACh produces a transient hyperpolarization as a result of the activation of SK Ca 2+ -activated K + channels that precedes the sustained depolarization and is seen predominantly in layer V PCs. A nicotinic mediated depolarization, capable of eliciting spiking, has also been reported in L5 PCs in some cortical areas (see Table 1 ). In contrast to the sustained activation of PCs, ACh produces a sustained hyperpolarization of spiny stellate cells (SS) in layer 4 of somatosensory cortex. It has been suggested that this hyperpolarization may serve to filter weak thalamocortical inputs and favor the activation of spiny stellate cells by stronger, more synchronous inputs. Muscarinic and nicotinic responses have also been observed on GABAergic neurons. Muscarinic agonists powerfully depolarize and increase the activity of SOM-expressing Martinotti (mSOM) cells in layers II/III and V/VI. These neurons have an ascending axon that targets and inhibits the distal dendrites of PCs. SOM-cells in L4 of somatosensory cortex (xSOM) differ in morphology and intrinsic firing properties from Martinotti cells. Their axons don't innervate L1 but profusely branch in L4, where they target local FS basket cells and are thus capable of disinhibiting this layer. These cells are also powerfully excited by muscarinic action [46] . Although there are contradictory observations regarding the effects of cholinergic modulation of the excitability of parvalbumin (PV)-expressing FS basket cells (bPV), most investigators agree there is no effect. The effect of ACh on chandelier cells (cPV), the second subtype of PV-interneuron has not been studied. In spite of their heterogeneity, all 5HT3aR IN subtypes are depolarized by ACh via nicotinic receptors. These interneuron group includes several subtypes, of which the two most prominent are illustrated in the figure: the neurogliaform cells (NGFC) which inhibit PCs and the bipolar/bitufted VIP INs (bVIP), which inhibit SOM INs and thus mediate disinhibition of excitatory neurons. There is evidence of muscarinic responses in some subpopulations within this family (Table 1 ), but they have not been studied in detail. In addition to these effects of cholinergic agonists on the excitability of cortical neurons, they have also been shown to modulate neurotransmitter release of several types of cortical synapses. Cholinergic agonists inhibit glutamate release from intracortical recurrent excitatory axons and GABA release from the terminals of FS basket cells (bPV) on excitatory neurons via activation of M2-type receptors; presumably by inhibiting N and P/Q type Ca 2+ channels at the terminal. In contrast, cholinergic modulation increases thalamocortical inputs onto principal cells via nicotinic receptor modulation. a A muscarinic increase in the excitability of pyramidal neurons has been reported in many species, including humans [67, 68] , and in several cortical areas. The review by McCormick [69] covers this effect extensively (see also [70, 71] ). The muscarinic suppression of the M-type K + channels contributes voltage-dependence to the depolarization and enhances the responsiveness to synaptic inputs that reach the range of activation of these channels. There are indications that these effects have a slow onset and are sustained for long time periods (many minutes), but detailed quantitative data is lacking. Carr and Surmeier [72] suggested that inhibition of Kir2 inward rectifier K + channels contributes to the M1 receptor depolarization and enhanced summation of excitatory inputs in LV PCs in prefrontal cortex. [73] reported that carbachol reduced the persistent Na + current of LV PCs. McCormick and colleagues [69] , as well as others also reported a transient inhibition of PCs, particularly in supragranular layers, that precedes the excitation and was suggested to be the result of a muscarinic activation of yet to be identified GABAergic neurons. b Activation of nonspecific cationic channels inducing a slow afterdepolarization and long lasting persistent activity (up to 30 min) was reported in various cortical structures, including entorhinal and cingulate cortices. The underlying channels, perhaps members of the TRP family, have not been identified. According to some reports it is Ca 2+ -dependent but other investigators have suggested it is Ca 2+ -independent [74] [75] [76] [77] [78] [79] . c [71, [80] [81] [82] . d Gulledge and Stuart [62 ] described a transient hyperpolarization of layer V PCs produced by the activation of perisomatic SK Ca 2+ -activated K + channels that preceded the sustained depolarization of the neurons. The SK channels are activated by the Ca 2+ released from intracellular stores as a result of the M1-type receptor-mediated production of IP3. In contrast to the activation of the PCs, which is observed in PCs in all layers and in all the cortical areas that have been investigated the hyperpolarization is more selective [83] . It is observed in rat L5 PCs in prefrontal, somatosensory and visual cortex, but is most robust in prefrontal cortex. On the other hand, PCs in layers II/III are much less responsive, except for deep layer III neurons of visual cortex. The same receptors, via a different signaling pathway, have been shown to inhibit SK channels in dendritic spines of hippocampal CA1 PCs by a casein kinase 2-dependent reduction of their Ca 2+ sensitivity [84, 85] . This inhibition enhances synaptic potentials and NMDA receptor mediated Ca 2+ transients and facilitates the generation of LTP. It remains to be investigated whether this action also occurs in neocortical PCs. e [70] . f [72, [86] [87] [88] . g It has been reported in several cortical areas that cholinergic agonists have no effect on the somatodendritic excitability of PV FS cells identified based on physiological properties and post hoc IHC for PV [83, 89] or single-cell RT-PCR [90] , or using a mouse expressing GFP in PV neurons [83, 89, 90, 91 ]. However, Xiang et al. [92] reported that ACh hyperpolarizes electrophysiologically identified FS cells in layer V of visual cortex via muscarinic action, and Poorthuis et al., reported nicotinic responses in LII/III and LV FS INs in prefrontal cortex [80] . h Pronounced inhibition of GABA release at the presynaptic basket terminals of PV-expressing FS INs on PCs has been observed in somatosensory and insular cortices [91 ,93] , and Nunez et al. suggested that this effect, together with the muscarinic and nicotinic increase in excitability of the layer V PCs resulted in the generation of Ca 2+ spikes and bursts of action potentials (APs) of the PCs when inputs in basal dendrites were stimulated [71] . Heterogeneous effects at FS cell terminals on INs, as well as on the terminals of non-identified 'non FS cells' on PCs were reported [91 ,93] . i [46, 94, 95] . Mice expressing GFP in SOM neurons were used to identify IN subtype. The mAChR involved was not identified, however, a similar modulation was observed on hippocampal OLM cells, the equivalent of neocortical Martinotti cells, where it was shown to be mediated by an M1-type mAChR [96] .
on cortical dynamics and processing (Table 1, Figure 3 ; see also [56] ).
Specificity resulting from the dynamics of cholinergic responses
The diversity of ACh effects on neocortical cells evokes a picture of staggering complexity, wherein multiple opposing and/or synergistic effects converge on the same neuron or on neurons that interact with each other, affecting network processing in ways that are difficult to predict (Figure 3 , Table 1 ). In order to advance our understanding of the neural basis of cholinergic modulation of the cortex, it is critical to investigate when the different cellular actions of ACh are engaged under physiological conditions and what are their predominance, interplay and dynamics ( Figure 1C ). The understanding of these factors requires that we take into account the sensitivity of different cholinergic receptors to ACh, their kinetics and interactions with ACh release timing and duration, as well as their location with respect to the sources of ACh.
Receptor sensitivity to ACh. The ACh concentration to which receptors are exposed under physiological conditions is an issue of considerable importance, and may contribute to coordinating different cholinergic effects in time and space. This is because different receptors have different affinities for ACh. For instance, among the two most predominant types of nicotinic receptors, a7 homomeric receptors have a much lower affinity for ACh and faster desensitization kinetics than a4b2 nAChRs. The affinity for ACh also differs among different muscarinic receptors, and for a given receptor it depends on multiple factors [38, 57] . Even for the same receptor and in the same cell, the modulation of different molecular targets can have different agonist sensitivities [58] . Therefore, under physiological conditions, different patterns of activity of cholinergic afferents may produce different responses; an issue that needs to be explored more thoroughly.
A related issue that may significantly affect the interpretation of experimental results is receptor desensitization as a result of too high or too prolonged exposure to the agonist, as occurs with uncontrolled puffing or bath application. In fact, most of the data in Figure 3 and Table 1 have been collected in this way, utilizing long exposures to ACh, or even non-physiological agonists, and at arbitrary concentrations, ranging from low mM to high mM. The high and broad expression of acetylcholinesterase, one of the most powerful enzymes, suggests that the system is built to allow only limited exposure to ACh.
Response dynamics. It is usually assumed that nicotinic actions are always fast and precise while muscarinic actions always slow, imprecise and sustained (Table 1) . However, as we discuss below, both nicotinic and muscarinic responses can be fast and precise, as well as slow and sustained. The depolarization produced by the opening of the nicotinic channel produces the fastest responses, but the rates can vary depending on subunit composition. Homomeric receptors containing a7 subunits produce significantly faster responses than those mediated by non-a7 receptors, usually presumed to be a4B2, (e.g. rise time: 2.6 ms versus 14-35 ms; decay t: 4.9 ms versus 190-218 ms, in [59 ] ; see review by [38] ). However, it is important to be aware that a7 nicotinic receptors can also mediate slow cellular responses by virtue of their large calcium permeability, which can result in calcium-mediated signaling as in the case of some muscarinic responses (reviewed by [60, 61] ). The time course of muscarinic actions can also vary widely, depending on the signaling pathways involved. Those mediated by a membrane-delimited pathway (Gi/o; i.e. M2-type) are faster than those mediated by signaling cascades, which may involve the sequential activation of several enzymatic pathways (Figure 2) . However, quantitative information on the kinetics of muscarinic responses on cortical neurons is sorely lacking.
In this context, the study by Gulledge and Stuart [62 ] using fast pressure injection of ACh on PCs in cortical 156 Inhibition: synapses, neurons and circuits j Mice expressing GFP in SOM neurons [46] , or the LTS firing pattern [46, 94, 95] were used to identify IN subtype. k Contradictory results have been reported regarding nicotinic responses on SOM INs. [80, 97] reported nicotinic effects on functionally identified SOM INs in mouse mPFC in layers II/III and V; but other studies of SOM INs have only seen muscarinic effects. The source of this discrepancy is not clear and may include age or cortical area differences. l All 5HT3aR-expressing INs identified using a mouse expressing GFP in these neurons are depolarized by locally applied nicotine [47 ] or the nicotinic agonist DMPP and using single cell RT-PCR to confirm the expression of 5HT3aR mRNA [98] . This group of GABAergic cells includes all layer I INs [47 ] , all of which have been independently shown to be depolarized via nicotinic receptors in response to locally applied ACh [83, 99] or ACh optogenetically released from cholinergic afferents [59 ] ; and CCK-expressing INs with or without VIP [47 ,90] . Layer I INs include the neurogliaform cells (NGFCs), which are also present in all layers, and all have nicotinic responses [47 ] . The 5HT3aR group also includes the bipolar/ bitufted VIP-expressing INs that are seen mainly in layers II/III. These neurons also show nicotinic depolarization [47 ,59 ,100]. Interestingly, these VIP INs have been shown to target mainly SOM INs, and hence their nicotinic activation is predicted to produce disinhibition of PCs (Figure 3 ; [50 ,51 ] ). [83] reported nicotinic effects in nonidentified 'non fast spiking' (NFS) INs in layers II/III and V; this NFS INs are likely to be 5HT3aR INs. They also reported a muscarinic hyperpolarization of neurons expressing CCK. [89] reported muscarinic responses on INs identified by post hoc IHC as VIP+ or small CCK-expressing INs (depolarization) or large CCK-expressing (hyperpolarization followed by depolarization). Muscarinic modulation of different types of 5HT3aR neurons needs to be better characterized. m Brombas et al. [101] found an M1-mediated hyperpolarization of NGFCs produced by the activation of SK Ca slices, with a 12-ms solution exchange, is noteworthy in that it shows that there can be muscarinic responses that are much faster than usually presumed. The authors observed a transient (phasic) hyperpolarization in response to ACh, with a latency of 344 ms, a rise time of 208 ms, and half-widths of 568 ms. The hyperpolarization was followed by a more sustained (several seconds long) depolarization, resembling the classical depolarizing response to tonic mAChR activation by prolonged agonist exposure (Table 1) . Importantly, the slower depolarizing response also had a rise time of < 1 sec, and although the duration of ACh exposure required to fully produce this response was larger than that required to produce the hyperpolarization, it was still in the subsecond range (t=139 ms versus 19 ms). Since both effects were apparently mediated by the same M1-type receptor, the results of this study also show that under physiological conditions different durations of ACh release might engage a different set of effects, even if mediated by the same receptor type within the same cell.
Furthermore, the study of Gu and Yakel [63 ,64] suggests that not only is the absolute duration of ACh release important for its actions, but also the relative timing with respect to glutamatergic inputs. In hippocampal CA1 region, when cholinergic inputs were activated 100 or 10 ms prior to Schaffer collateral stimulation, this resulted in a7 receptor-dependent long-term potentiation (LTP) or short-term depression, respectively. However, when the cholinergic stimulation was delayed until 10 ms after the Schaffer collateral stimulation, a muscarinic receptor-dependent LTP was induced. These results demonstrate remarkable temporal precision of cholinergic actions and suggest complex interactions between the kinetics of receptor activation and the ongoing activity of the modulated cell.
A recent study in the reticular thalamic nucleus (TRN) provides another example of fast and precise nicotinic and muscarinic signaling. Sun et al. [65 ] used electrical stimulation to evoke ACh release from cholinergic afferents in the TRN. Even a single 200 ms extracellular stimulus evoked a biphasic response consisting of an early nicotinic-mediated EPSC (nEPSC; probably a4b2 mediated) followed by a muscarinic-mediated IPSC (mIPSC). The nEPSC had a latency of 3.5 ms; a 20-80% rise time of 10.8 ms and a decay time constant of 123.6 ms. The mIPSC that followed the nEPSC was a muscarinic response produced by the activation of Gprotein-coupled inwardly rectifying potassium channels (GIRK), likely via a membrane-delimited pathway. It had a slower time course (latency, 31.7 ms; 20-80% rise time, 107.6 ms; decay time constant, 639 ms), but still had subsecond kinetics.
While there are indications that there are muscarinic responses which are much slower than those discussed here (Table 1) we lack quantitative data on their actual kinetics.
Cholinergic receptor localization with respect to ACh sources. Typical methods for agonist application hardly recapitulate the spatiotemporal patterns of ACh release, or the concentrations reached near the receptors under physiological conditions. Thus, the study of the neural mechanisms of cholinergic modulation will benefit from studies investigating the cellular responses to ACh released from cholinergic afferents, an issue that is increasingly being appreciated. The advent of optogenetics allows the use of light to specifically stimulate cholinergic afferents, an approach that seems particularly well suited for the neocortex and allows the study of cholinergic responses to a more physiological exposure of ACh. The pioneering studies by Gu and Yakel [63 ] in the hippocampus, discussed earlier, and by Arroyo et al. [59 ] , using optogenetics to study nicotinic responses of interneurons in supragranular layers of visual cortex (Table 1) illustrate the merits of this approach.
Conclusions and perspectives
We summarized in this review emerging evidence on the sources of specificity and spatiotemporal diversity of the cortical cholinergic system that may explain the range of functions in which this versatile neurotransmitter-neuromodulator has been implicated. Throughout the review we pointed out some of the areas that need to be investigated. Recent advances bode well for significant progress in our understanding of the neural basis of cholinergic modulation of cortical function in the coming years. Optical activation of afferent cholinergic axons in acute slices, in order to expose neurons to physiologically relevant ACh concentrations, in the appropriate subcellular compartments, is particularly promising and can help dissect the dynamics of different cellular cholinergic effects.
Advances in in vivo recording in behaving animals will contribute to understanding when the different cellular actions of ACh are engaged under physiological conditions. This, together with the increase ability to manipulate specific molecular pathways in specific neuronal populations (in particular, genetically distinct groups of INs) afforded by modern molecular genetics, will help investigate the contribution of the various cellular effects of ACh to its network and behavioral actions. The use of channelrhodopsin to identify specific neuronal types during blind in vivo recording on behaving animals [66] will allow the characterization of the activity of specific neurons in the cortex and in the nucleus basalis. Combined with the ability to label and reconstruct recorded neurons (Munoz, W. et al., abstract in Soc Neurosci Abstr 2013, 71.17/OO9), it will be possible for the first time to unravel the relationship between the in vivo firing properties of cholinergic neurons and their patterns of innervation of the cortex.
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